This article presents a systematic review of the evidence for geneenvironment interaction (G×E) in smoking behaviors, inclusive of smoking initiation, smoking frequency, smoking quantity, nicotine dependence, and smoking cessation. Smoking remains the most preventable cause of morbidity and mortality, yet approximately 6 million people die from tobacco consumption annually. 
according to the smoking behavior being studied. For smoking initiation, heritability estimates account for approximately 60% of the variance, 3 while heritability estimates for smoking persistence ranges from 55% to 69%, smoking quantity ranges from 40% to 56%, nicotine dependence ranges from 60% to 76%, and smoking cessation is approximately 50%. [4] [5] [6] Although this suggests that smoking behavior is moderately to highly heritable, few genetic association studies have identified robust associations between specific genes and smoking behavior, aside from studies investigating genes in the CHRNA5-CHRNA3-CHRNB4 gene cluster and nicotine dependence. [7] [8] [9] [10] [11] Alternatively, environmental risk factors for smoking behavior have been well documented and include: socioeconomic status, 12, 13 parental smoking, 14 ,15 lack of parent-child involvement as evidenced by low connectedness or cohesion, 16 having siblings who smoke, 17 and having friends who smoke. 18, 19 Exposure to these environments does not necessarily guarantee the development of smoking behaviors, which brings up the question of what role individual differences in genetic vulnerability to adverse environments plays in shaping smoking behaviors. The study of G×E addresses this question by examining whether individuals with specific genotypes are more or less sensitive to the effects of their environment. Given that genetic factors and one's social context may jointly shape one's risk for smoking behaviors, [20] [21] [22] [23] the study of G×E is essential to fully understand the etiology of smoking behaviors and has become an active area of research.
Yet, to our knowledge, no systematic review of G×E studies of smoking behavior has been previously published. Thus, the aim of the current article is to systematically identify and summarize studies that test for G×E in relation to smoking behavior among adolescents and adults. We focused specifically on study characteristics related to methods and findings.
Methods

Systematic Review Search Strategy
A systematic review of the English language literature exploring G×E in smoking behaviors was undertaken. Studies were identified using the electronic databases of Google Scholar, PubMed, ScienceDirect, and Elsevier and included articles on twin-based and molecular genetic studies through May 2014. Search terms included combinations of "smoking," "smoking behavior," "smoking cessation," "genetic factors," "environmental factors," "twin," "gene by environment," "gene-environment," "interaction," and "moderation." To be included in this review, the article had to measure smoking behavior as an outcome of interest and investigate the effect of some environmental factor on the heritability of a given smoking behavior. We allowed for the inclusion of both twin and molecular genetic studies. Initial searches were supplemented by reviewing the reference sections of identified studies. Through these searches, we located 16 studies.
Extraction of References
Titles and abstracts of all references were initially assessed for relevance. For completeness, bibliographies of extracted references were manually searched for further relevant references. Where relevant references were found, their bibliographies were also manually searched.
Data Extraction
All data were extracted for the following variables: (1) study name, (2) study population, (3) study design, (4) definition of environmental risk factor, (5) definition of genetic risk factor, (6) definition of smoking behavior (ie, outcome of interest), (6) statistical parameters utilized, and (7) primary results presented. Focus was placed on measures of association (ie, odds ratios, hazards ratios). Data were extracted into a prepared, structured Microsoft Excel database (Microsoft; Redmond, WA).
Results
For the purposes of describing the current state of smoking-related G×E research, we summarize the research design and study samples, measurements of outcome, environment, and genotype, and main study findings of these 16 studies below.
Research Design and Study Samples
Research Design
The research design varied across studies. Samples were obtained from an assortment of sources including: national registries, [24] [25] [26] population-based case control, 27 longitudinal studies with school-based study designs, 21, 23, 28 longitudinal community samples, 20,29-31 hospital samples, 32 epidemiological studies, 22, 33 and randomized smoking cessation trials. 34 Of the identified studies, six utilized twin samples, 21, 22, 24, 25, 28, 35 while the remainder were molecular genetic studies. 20, 23, 26, 27, [29] [30] [31] [32] [33] [34] Although many of these studies collected longitudinal data, associations between environmental exposures and outcome were not always determined prospectively. Three studies utilized cross-sectional data, 27, 32, 34 while four studies assessed the environmental exposures repeatedly 25, 26, 29, 30 and seven studies accounted for gene-environment correlation (rGE). 20, 24, [28] [29] [30] [31] 35 Sample Studies differed in their sample size, both within and between molecular and family studies of smoking behavior. The sample size of family studies ranged from 1310 22 
Race/Ethnicity
Studies also varied with respect to the amount of racial/ethnic diversity in the samples. Most studies exclusively focused on participants that were Caucasian, with the exception of one study that investigated a sample residing in Detroit that was predominantly African American.
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Sex Studies seemed to be balanced with respect to sex and none of the identified studies limited their sample to only males or females.
Age
Some studies focused on adolescent samples, followed longitudinally, 21, 24, [28] [29] [30] while others focused on adult samples, aged 18 and older. 20, 22, 25, 27, 34, 35 A couple of studies included individuals in early adolescence to young adulthood, ranging from age 11 to 31 years. 23, 26 More specific details for each of the studies identified in this systematic review can be found in Supplementary Tables 1 and 2 .
Measurement of Smoking Behavior
Outcome Measures
The studies assessed smoking behavior by smoking initiation or onset 25, 28, 35 ; adolescent smoking, 24, 26, 29, 30 smoking frequency, including: number of cigarettes smoked in the past month, 23, 28 regular smoking, 22 and cigarettes smoked per day 20 ; nicotine dependence 27, 31, 32 ; and age at smoking cessation and relapse, 34 as described in Table 1 .
Data Collection Methods
Data on the outcomes of interest were collected by some studies exclusively through self-reported survey response, [24] [25] [26] [33] [34] [35] while other studies collected data through in-home face-to-face interviews, 21, 30 semi-structured interviewing (ie, Semi-Structured Assessment for Drug Dependence and Alcoholism [SSADDA]), 32 family reports, 31 and school reports. 28 Some studies used a combination of these methods. 23, 29 A few studies indicated that data was collected through telephone interviews, though information regarding the background of the interviewer is not clear. 20, 22, 27 Only two of these studies investigated a biochemical indicator of smoking behavior. 33, 34 However, of these two studies, only one indicated that the biochemical indicator was laboratory-based serum cotinine levels (mg/mL). 33 
Measurement of Genes
Heritability Estimates
Heritability estimates, which provide an estimate of the latent genetic influences for the liability of smoking behaviors rather than an estimate of genetic effects due to given measured genes, were derived in a couple of different ways across twin and family studies. While two studies calculated heritability estimates from comparisons of correlations of identical and fraternal twins, 24, 25 a few other studies estimated heritability from tetrachoric correlations for: identical and fraternal twin pairs and full and half sibling pairs. 21, 28, 35 Polymorphisms Examined Eight single nucleotide polymorphisms (SNPs) were investigated. These SNPs included variants in neuronal nicotinic acetylcholine receptor genes (including rs16969968, rs680244, rs3743078, rs1051730, and rs2304297), variable-number-of-tandem-repeats (VNTR) polymorphisms in dopaminergic genes (rs1800497) and serotonin transporter genes (5-HTTLPR). One study focused on the polymorphic region of the promoter region of the serotonin transporter gene (SLC6A4), 5-HTTLPR. 23 Another study divided individuals based upon their CHRNA6 genotype (C/C, C/G/, G/G in the rs2304297 SNP), noting that the G/G genotype has previously been related to lower likelihood of tobacco use. 33 These polymorphisms were chosen because of their potential role in the development of nicotine addiction. Specifically, nicotinic acetylcholine receptors are the initial physiological targets of nicotine in the central and peripheral nervous system, while the dopamine and serotonin mediates feelings of pleasure or reward within the dopaminergic reward system, such that dopaminergic activity in the brain is increased by exposure to nicotine.
Data Collection Methods and Genotyping
Most studies used blood or saliva samples for genetic analysis. Limited information was provided by these studies on which specific cell lines were used and it seems to be the case that none of the studies utilized the same processing facilities, with more specific details described in Table 2 .
Measurement of the Environment
Types of Environmental Exposures Assessed
The types of environmental risk factors assessed were diverse. Five studies investigated the role of family level factors, such as parental monitoring, 24, 27 maternal smoking during pregnancy, 26 smokingspecific parenting including frequency, quality of communication, and house rules regarding smoking, 30 and environmental smoking by father, mother, and siblings. 29 Three studies examined the role of school and peer level factors, including social pressure to smoke within schools, 28 institutional control over smoking in schools, 28 prevalence of youth smoking 23, 28 and youth drinking, 23 and smoking by friends and best friends. 29 Two studies investigated childhood adversity 32 and childhood maltreatment. 31 Two studies observed the role of neighborhood level factors, inclusive of social cohesion, physical disorder, lifetime trauma, 20 and socioeconomic status as measured by marital status of mothers during pregnancy, socioeconomic status of cohort collected at age 31 years, and family socioeconomic status based upon occupation of father during pregnancy and at age 14 years. 26 One study investigated the role of treatment status 34 and another focused on the role of religion, as measured by religious affiliation, organizational religious activity, and self-rated religiousness. 35 Four studies assessed the role of public policy initiatives, examining the effect that cigarette restrictions, tobacco control, prevention budgets, excise tax per pack of cigarettes, 21 cohort effects, 25 and tobacco taxation policies 33 have on heritability estimates of smoking behavior. More detail about the measures of environmental exposures is provided in Table 3 .
Classification of Exposures
There was considerable variation in how studies treated exposure status in the analysis. In one study, the environment was treated as a binary variable (ie, Exposed vs. unexposed to childhood adversity). 32 In another study, the environmental variables, which measured sociodemographic factors such as father's occupation and mother's marital status during pregnancy, were treated as categorical. 26 Most studies (62.5% or n = 10) used continuous measures or scales, derived using sum scores of different sets of items, 20, 21, 23, 24, [27] [28] [29] [30] [31] 33, 35 while two studies utilized proportions of smokers in contact with respondents as a measure of environmental smoking exposure. 28, 31 One randomized control trial randomly assigned participants to one of six environmental exposures or treatments (ie, Placebo, nicotine patch, nicotine lozenge, bupropion SR, nicotine patch and nicotine lozenge, or bupropion and nicotine lozenge). 34 Classification of exposure was unclear in two studies investigating genetic influences on smoking by birth cohort. 22, 36 
Data Collection Methods
The most commonly employed method for obtaining information about environmental exposures were questionnaires. The remaining studies relied on interviews, review of epidemiological data, or a combination of approaches. Like data obtained on smoking behavior outcomes, data on environmental exposures were collected by: self-reported survey response [24] [25] [26] [33] [34] [35] ; in-home face-toface interviews 21, 30 ; semi-structured interviewing ( 20, 22, 27 ; family reports 31 ; school reports 28 ; or a combination of these methods.
23,29
Main Study Findings
There was considerable heterogeneity in the methods and analyses used across studies to test for G×E, making it difficult to summarize this research and provide a synthesis of main findings. Thus, statistical significance is emphasized over the magnitude of effects.
Main Effect of Genotype
Thirteen (87.5%) of the 16 identified studies found significant main effects for either specific genes or genetic factors associated with smoking behaviors [20] [21] [22] [23] [24] [26] [27] [28] [29] 31, [33] [34] [35] ; three did not. 30, 32, 36 More specifically, SNPs rs16969968 of CHRNA5 and rs3743078 of CHRNA3 were associated with nicotine dependence, 27 while 5HTTLPR,
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CHRNA5-CHRNA3-CHRNB4, 34 and a genetic risk score 20 were associated with smoking heaviness or number of cigarettes smoked, and DRD4 was associated with smoking onset. 29 Interestingly these main effects were not necessarily consistent across studies, as no main effect of rs16969968 on nicotine dependence was reported in one study. 32 No significant main effect for DRD2 or DAT1 on smoking onset was reported. 29, 30 Main Effect of Environment Eight studies found significant main effects for at least one of the environmental variables 20, 21, 23, 24, [26] [27] [28] [29] 32 and all but two of these studies 21, 28 reported the effect sizes of these main effects. Two studies found the main effects to be nonsignificant. 30, 37 The remaining three studies did not provide sufficient information to make this determination. 22, 35, 36 
G×E Interaction Effects
Of the 16 studies identified, 13 studies found at least one significant G×E effect (p ≤ .05). Significant interactions were detected between environmental factors and SNPs within the CHRNA5-CHRNA3-CHRNB4 gene cluster (ie, Parental monitoring and rs16969968 of CHRNA5 for nicotine dependence 27 and maternal smoking during pregnancy and rs1051730 of CHRNA3 for smoking at age 14 26 ). Another significant interaction was detected between schooltobacco use and the serotonin promoter polymorphism, 5-HTTLPR for tobacco use frequency. 23 However, no significant interactions between environmental factors and dopaminergic genes were identified. 29, 30 Effect Size It was not clear from some studies whether the effect for genotype or environment was larger, due in part to studies not reporting the main effect of genotype and environment. 21, 22, 28, 31 Studies that did report this information tended to find that the effects of the environment were larger relative to genetic effects and G×E effects.
Effects by Developmental Period
Of the studies focused on adolescent samples, only two did not find at least some evidence for G×E. 29, 30 Only one study investigating adult samples did not find at least some evidence for G×E. 25 Results demonstrate heterogeneity in both conceptual and methodological approaches to conducting tests for G×E interactions related to smoking behavior. This heterogeneity could be an artifact of the cross-disciplinary nature of G×E research and may reflect differences in conceptual understanding and methodological conventions adopted across academic disciplines. Given these differences in approach, it was difficult to synthesize findings, which remains a major limitation to the current literature on smoking-related G×E.
Despite the differences in approach and difficulty to synthesize findings, we are able to come away with a few general conclusions/ themes regarding the role of G×E interaction in smoking behavior. Specifically, the influence of parents and peers seem to moderate the genetic and environmental influences contributing to the initiation and maintenance of smoking behaviors, such that greater influence from parents or peers attenuates the relative importance of genetic versus environmental factors. The magnitude of this moderation is dependent upon the outcome of interest (eg, initiation, frequency, nicotine dependence, cessation, or relapse). Thus, more attention (1) Expected a specific time for them to come home (2) Noticed them coming home later than expected (3) Arrived home soon after they arrived home from school and the degree to which the adolescent: (4) Told parent when they would be back (5) Left a note about where they were going (6) Checked in with parent before going out again No evidence for interaction between paternal smoking and DRD2, DRD4, or DAT1.
Self-report indicating which stage of smoking applied to them ("I have never smoked, not even one puff" to "I smoke at least once a day") Recoded into three categories: "Never smoked," "former smoker," and "current smoker" Maternal smoking Adolescent report indicating stage of smoking, ranked on an 8-point scale ("My father/ mother have never smoked" to "My father/ mother smokes more than 31 cigarettes a day") 2 Hiemstra et al. (2014) No evidence for interaction between maternal smoking and DRD2, DRD4, or DAT1.
Self-report indicating which stage of smoking applied to them ("I have never smoked, not even one puff" to "I smoke at least once a day") Recoded into three categories: "Never smoked," "former smoker," and "current smoker" Maternal smoking during (second month of) pregnancy, classified as nonsmokers, light smokers (1-10 cigarettes per day), and heavy smokers (>10 cigarettes per day) 
No evidence for interaction between friend's smoking and DRD2, DRD4, or DAT1. Answers were dichotomized into "having no smoking friends" and "having smoking friends" No evidence for interaction between best friend's smoking and DRD2, DRD4, or DAT1.
Self-report indicating which stage of smoking applied to them ("I have never smoked, not even one puff" to "I smoke at least once a day") Recoded into three categories: "Never smoked," "former smoker," and "current smoker" Neighborhood level Social cohesion Asks respondents whether they agree or disagree on a 4-point scale (strongly agree to strongly disagree) with the following statements: 
Yes, significant interactions were found between genetic risk score and the number of traumatic events experienced. Childhood adversity Semi-Structured Assessment for Drug Dependence and Alcoholism (SSADDA) Environmental section, which asked whether either of their parents died before they were 6 years old and whether before the age of 13 they had witnessed or experienced a violent crime, had been sexually abused, or had been physically abused. 4 Xie et al.
Yes, childhood adversity significantly increased ND risk in both women and men, and the effect in women was twice that than in men.
Pharmacological treatment Treatment status These were randomly assigned, as it was part of a clinical trial. Groups included: placebo, nicotine patch, nicotine lozenge, sustainedrelease bupropion, nicotine patch and nicotine lozenge, or bupropion and nicotine lozenge.
1 Chen et al.
Yes, smokers with high-risk haplotype were three times as likely to respond to pharmacologic cessation treatment compared to smokers with the low-risk haplotype
Religion
Religious affiliation Individuals were characterized as those who had any affiliation and those who did not (inclusive of atheists, agnostics, and those without any affiliation).
Timberlake et al. (2006)
No evidence for interaction.
Organizational religious activity
Frequency of religious attendance and participation in special activities in the past 12 months, with responses coded from 0 to 6 (never to more than once a week). Items were summed.
Timberlake et al. (2006)
Self-rated religiousness Indicates the importance of religious faith and extent of being a religious person, with responses ranging from 0 to 3 (not important/ not religious at all to more important than anything else/very religious). 
No, the heritability of smoking initiation did not change as a function of environmental exposure. needs to be paid to the outcomes of interest and how results are being reported, particularly since the heritability estimates vary by the smoking behavior being measured and the age at which these outcomes are collected. Studies of G×E interaction demonstrate that the influence of genes may change as a function of the environment and the phenotype being measured, but also suggests that restricting the availability of tobacco (whether through parental monitoring, prevalence of smoking among peers, or public policy initiatives to reduce tobacco use through restriction of use in public spaces or taxation) generally decreases the influence of genes that influence the initiation and maintenance of smoking behaviors. Although we are able to come away with these conclusions, it is still the case that differences in methodological approaches are likely contributors to potential discrepancies of G×E effects across studies, and prevents the field from a deeper understanding of G×E interactions regarding smoking behavior. In efforts to guide future research and address the current challenges that exist in synthesizing findings of G×E in smoking behavior, we offer the following suggestions focused on: (1) choice of measurement for environmental variables, (2) testing and reporting of main and interaction effects, (3) testing for artifactual interaction via conducting sensitivity analyses and checking for scaling artifacts, (4) treatment of covariates, and (5) reporting rGE. Table 4 demonstrates how each study addresses these concerns.
Choice of Measurement for Environmental Variables
The choice of measurement for environmental variables varied across studies identified in this systematic review. Few studies from this systematic review overlapped in their measurement of environmental constructs making it difficult to compare findings across studies. Only two studies investigated the effects of parental monitoring 24, 27 and two other studies investigated the effect of the prevalence of smoking among youth. 21, 28 However, the findings of these studies do demonstrate a general trend: increasing the restrictiveness of an environment (eg, increasing parental monitoring, 24 the prevalence of smoking among youth, 28 increasing self-rated religiousness 35 ) decreases the influence of genes on an individual's behavior, such as smoking, as seen in Figure 1 .
Furthermore, studies investigating the same environmental constructs did not use the same means of measurement. In the study conducted by Dick et al., 24 parental monitoring was measured using responses from three items, standardized and then treated as a semicontinuous measure, while the study conducted by Chen et al. 27 used a sum score from eight items, defined the lowest quartile, and treated the measure of parental monitoring as an ordinal variable. As for the prevalence of adolescent smokers, one study utilized a state-level measure of the percentage of 9th to 12th graders reporting frequent smoking from the Youth Risk Behavior Surveillance study, 21 while the other calculated the proportion of students reporting they had ever smoked a cigarette by the date of the in-school survey. 28 These observations suggest that there may be "noise" in the assessments of environments. Thus, more rigorous methods need to be undertaken to establish both reliable and valid assessments of environmental exposures across studies.
There was also wide variation in the timing of exposures assessed across studies in terms of the temporal relationship between exposure and outcome (ie, Prospective vs. cross-sectional) and the developmental period considered (ie, Adolescence vs. adulthood). A couple of studies tried to demonstrate causality through cross-lagged methodologies, but most studies measured exposures and outcomes simultaneously. To better understand timing of environmental exposures, future studies may want to incorporate more rigorous research designs, including experimental and quasi-experimental approaches that utilize the longitudinal nature of the data being used in many of these studies.
Obtaining consistent environmental variables would make it much easier to synthesize study findings. However, as can be seen from the studies included in this systematic review, similar results found across slightly different environmental variables measuring the same construct can also provide some evidence of a moderating effect. Additionally, it would be beneficial for future studies to focus on a broader array of proximal environments, since very little attention was paid to protective factors, such as neighborhood social cohesion. 38 However, it is important that genetic factors do not influence these proximal environments (ie, rGE is limited) and attention must be paid to developmental period of measurement, since certain environments are more salient at specific ages (ie, family and peer influences during adolescence).
Testing and Reporting of Main and Interaction Effects
Few studies fully described their methods and analyses, including how tests for interaction were conducted and the nature of the association between exposure and outcome. Many studies indicated that they used moderated regression analysis or twin modeling approaches, but few provided citations or details for how estimates were calculated. Future research should report basic descriptive information that may be suggestive of G×E, such as a data table reflecting genotype by exposure by outcome. This recommendation is made based on the finding that some studies did not include univariate analyses on environmental exposures and smoking outcomes.
Future studies should explicitly note the scale (ie, additive or multiplicative) used to detect G×E effects, as it has been previously demonstrated that the way that outcome measure is scaled and whether the G×E effect is tested on the additive or multiplicative scale influences whether a G×E effect is observed. Changing the scale of the outcome may create interactions that may not have previously existed or eliminate interactions that were once present. For example, binary outcomes have been shown through simulations to incorrectly detect G×E effect when none existed, thus raising concerns about the validity of results based on diagnoses. 39 Most of the identified studies of G×E in smoking behavior provided confidence intervals of effect estimates with p-values 20, [22] [23] [24] [25] 27, 29, 30, 34 ; though, several studies provided standard error estimates with p-values instead. 21, 26, 28 Only a few of the studies reported the number of tests conducted, 22, 25, 26 and all but one of the studies reported nonsignificant G×E.
There remains a need for more thorough reporting standards, especially as they apply to conducting tests for interaction. This should include regression coefficients for all parameters included in a regression model and explicitly noting what variables were included. Investigators should be cautious about interpreting any genotype or environmental main effect reported in previous studies, unless authors explicitly describe parameters in regression models.
Tests for Artifactual Interaction
Only one study tested for artifactual interactions by conducting sensitivity analyses, 23 suggesting that this has not been a predominant concern. However, this remains an important task, as it brings to question the validity of findings. There are various ways to check for artifactual interaction, including: substituting genotype, conducting sensitivity analyses, and running analyses with transformed variables. 39, 40 Substituting the genotype entails trying to remove a significant interaction by replacing genotypic data with a similarly distributed polymorphism that has no association with smoking behavior. Conducting sensitivity analysis entails testing whether or not using different measures that share construct validity for the behavior of interest still reveals an interaction. 40 Had G×E been observed in one of a set of measures, but not the other, then it would have suggested the occurrence of a scaling artifact. 41 The transformation entails trying to remove the interaction effect by re-running analyses with transformed variables and checking to see if the detected interaction is still significant. This can be done different ways, including monotone transformations (eg, taking a logarithm or square root). If the significance of the interaction is removed through transformation, an additive relationship between variables on different scales is implied. If not removable, the interaction effect could be interpreted as: a robust fan-shaped interaction not removable by transformation, a crossover effect, or a qualitative interaction. 40 
Treatment of Covariates
The treatment of covariates was not uniform across studies, as studies controlled for a combination of the following: age, sex, race/ ethnicity or ancestry (measured by principal components), smoking behavior of parents, socioeconomic status, and education. The covariates of sex, age or developmental period, and race/ethnicity or ancestry should be included more explicitly in future G×E research. These factors are important for understanding the etiology of smoking behavior, as well as environmental exposure patterns, and may be related to differences in genotypic frequency.
Sex
Most studies controlled for or stratified results, though the studies did not always note whether they found different G×E effects for males when compared to females.
Age
Exploration of the importance of age for G×E is necessary for several reasons. Some environmental exposures are age-specific. For example, parental monitoring decreases over time and may peak around early adolescence. Without accounting for explicitly exploring how age influences G×E effects, research may be biased. Added to this, there is now substantial evidence that genetic risks for smoking problems have age-dependent effects. Specifically, genetic risk of heavy smoking is greater in early-onset smokers (ie, Prior to 16 years) when compared to later-onset smokers (ie, 16 years or older). This association in early-onset smokers is consistent with the epidemiologic observation of increased vulnerability to dependence among earlyonset smokers. 42 
Race/Ethnicity or Ancestry
By not controlling for race/ethnicity, studies may lead to biased results. This is related to population stratification whereby different allele frequencies may exist among different sub-populations or ancestral groups. Ideally, research should describe methods to assess or address population stratification and control for self-reported race/ethnicity and conduct sensitivity analyses to test whether G×E effects vary by race.
Reporting of rGE
Only about half of the identified studies accounted for rGE, 20, 24, [28] [29] [30] 35 which refers to the phenomenon where an individual's genotype also influences his/her exposure to the environment. This implies that individuals shape their environments through heritable behaviors and that the relationship between environmental exposure and behavior may be confounded by genotype. If rGE is not accounted for in studies of G×E, it is unclear whether the environment is moderating genetic effects or if genes influencing a trait are more likely to be present in a given environment. 43 Conducting tests for rGE can be accomplished through simple tests of association between environmental exposures and genotype, but may be limited by genotypes measured. To account for rGE, researchers can: limit studies to moderators that are uncorrelated with the outcome, 44 utilize a moderator in means model to remove genetic effects shared by a trait and moderator from covariance, 45 or explicitly model rGE in a bivariate model. The studies accounting for rGE did so in a variety of ways including model adjustment for rge, 24 controlling for passive and active rGE via inclusion of maternal, 28, 29 paternal, 29 and peer smoking 28 as covariates, and providing Pearson's 30 or cross-trait Spearman correlations. 35 However, no explanations were provided for why these specific methodologies were used in the studies. We recommend that future research test and report whether rGE is present.
Conclusion
This systematic review of the literature was conducted in attempts to understand the state of the science on G×E research of smoking behavior, focused on methodological approaches used across studies. A total of 16 studies were identified, with 13 finding at least some evidence to suggest a G×E effect. However, among these 13 studies, none of the findings seemed to overlap. The heterogeneity in results is likely related to the variation in conceptual and methodological approaches used to test for G×E. Studies varied in the populations sampled, methods used to assess environmental exposures, and means by which they tested for G×E effects. Methodological heterogeneity made it difficult to interpret and summarize findings. However, we hope that the recommendations provided will help to guide future studies towards reducing heterogeneity and capturing the joint contribution of genetic and environmental factors to smoking behavior.
